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AsSTRACT

This report discusses in detail the findings of an in-

vostigation fooused on the develomment of bolometers designad to

funotion aa practical detectors for radiation betwesen 200 and

1000 miorons in wavelength. For the p\z;'pole of orderly presen~-

tation, the report is divided into several parts as follows.

I. Introduction - Faots and reflecons leading to the course
of development. taken.

I1I. Devalopment of the sensitive element and supporting sub-
strata,

III. Design of ths bolometer housing and mownt ani the develop-
ment of suitable means of fabricating end anchoring the
seniitive elsment.

IVe Testing apparatus and methods inoluding results.

Y. Conolusion. _

Appsadiz I. “Mathumatioal deduotion of the absorption of a

material of resistance 189 ohlms per square.

Appendix II. Fundamental tolometer theory-
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I. IBRTRODUCTION

For the measurcnment of low intensity infrered radiation,
ourrently availadle detootion devices rely on the thormal heating
rroduead by thet portion of the inocident rediatior absorbed. There
existed « ooncentration of effort during the 1940's or the dewvelop-
ment of thess devices and from the development thore emerged four
types of detectors that have reached a high stats of perfection
and have the test of roliabiiity in oo:z;mrcd.al usage. These are:

l. High impedanoce bolometars of which the Bell

Laboratory thermistor bolomstsr is a typical
representation.

2. Fast thermooouples such as ths Swarts thermo-

oouple.
3. The Goliay oell.
4. Low impsdance bolometers such as the Baird
Assocliates platinun elament blometer.
iIn the ccurse of development of these deteotors an adoquate means
of absorbing the inoident radiation was oonstantly pursued. Vith
the exoeption of the thermistor bolometer® it was necessary to in-

oorporste in the devioes a modium to funetion as a radiation absorber.

This procedure imposed an sdditionmal problem of elootrical stabiility

* The thormistor bolometers were found to abeorb about S07 of the
inoident radiation without applying an absorbing layer

b o
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and also aedded mass to the sensitiwe elemente, thereby causing
inorvesec timo of response.
) The mtl;xll used by‘moat experimsntalists followed
di;'!otly from the work of Pfundl who evaporated metal from a
hot wire placad umdor a Bell Jjar maintained at recducec atmos-
phoric pressure. The "soot"™ thus formed vas allowed to depo.;it
on a sultably placed element. In pursuing this teohniqus many
different metals and paramster variations were tried with ench
laboratory dewelcoping ite own artful procedure. Lowsver, there
emorged from the acoumulated mase of empiriocal informetion an
important faot regarding the ohoice of metal. The high conduo=-
#ivity metals produse the botter dlacks, batter in that they
yield greater abeorption per unit mass and greater stability.
A comprohensive study of gold blacks was made by Herris, et al®
during viioh much of the art of applioatio;x was removed and the
oharaocter of the deposits studied with the aid of an electron
mioroscope end infrared speotromsters. His moet recert artiole
reports absorption data out to 46fu. At this long wawulongth
the walus of the absorption ie of the order of 60%, an emcouraging
result, (This work was unknown to us before the publication

appeared. )

1 pfund, A. B, J. Op. 8Boo. Am., 24, p. 121 (1934)
2 Barris, S., and Colby, M. Y., J. Op. Soo. Am., 26, p. 217 (1934)

———
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Several yeazrs ago Golay desijfnsd his detectors which
used in place of an absorbing layer such as desor’ted above, a
@8+allic layer whooe resistance was approx‘mately 189 ohms/square.
For any rotal made in such a tldckness as to mpet this rasistance
value the nbsorption will be §0%, the refleotion 25%, and the
transmission 268°. This result may be obtained mathematiocally
by solving Maxwellfs eqmﬁma‘ or by the impedence mstching con-
ospts used in transmission 1line theory. (Tho mathomatical ‘reat-
ment is inoluded in this report under Appendix I.)

The most important feature of this result is that the
absorption is independent of wawelength just as long as the re-
sistance is 1nd¢pendox.xt of ths frequancy ocorrespondinz to that
wavelength. For moet matals this msans that the absorption will
be wiform and independent of wawelength for those wawelengths
longer than about 1Qpi, To those who nave worked with tho mstal
blacks tls above mothod of achieving absorption eliminates much
oonoercz, but lto utilise this msthod extremsly thin metaul layers
mist be formed. In our view, thia could best bo done Ly deposition
of the motal layer in hgh wacuun.

Ve wore satisfied in our minds that the sensitivity
expeoted from bolometors made by using high vaocuum techniques would
not oompare too favorably with the Golay ocell. Howewver, the Golay
oell, on asvount of its many parts, oocoupiss oonsiderably more

¥W. Waltersdorf?, z. Physik, 91, p. 230 (1934)
4 Bailey and Denniscn, J. Ope 300. Ame, 37 (1947)

B — YT =




i

’
=4

Baird Assoclates, Iaoc.

-7
spaoce at s oruwial point than does a bolometer. Ther to0, Golay
oells are not too saties{motory when subjeoted to a vitration field
such as exists in planes or portabls equipment. It might be
pointed out that bolometers are not immuned to mechanical vibre~
tion eithor, but they can be made surprisingly rigid.

Though we were oonvinced that boloweters having a large
range of resistances and shapes but characterised by the 189 ohm
per squars requirement could be mads by mporaftion, WO WOre AWAre
of the limitations and technical pitfalls as well as the advantages
qf ths method. It might be instructive to list some of the more
obvious disadvantages and advantages. Considering irst the dis-
adwvantages, wo have:
l¢ Thin metal filns formed by high waouum deposition exhidtit
eleotricel and optical charaoteristice considerably different from
those of the dulk metal. In pgensral, the ml.istlvity ia higher and
the ocoefficlient of thermal reoictanm lower. To W specifio and
basing jwigement on previous experisnov, metel films 100 or 200 )|
thick havo resistivities {rom $ to 10 times highur than bulk values.
The difference derends on the metal wnder investigation and also on
the spud 4th which tho metal is deposited. Thoss metals clacsed
as poor condustors exhibit the greatest doparture from bulk metal
oonstants and have negative thermal resistance cnefficients. The
absolute value of these negative ooefficlents incresses with
decreasing thicknesses. This peculiarity ocan Le used to adwantage.
Greater doparture is alsv observed for mstal “ilms deposited slowly

-ty
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than for those deposited repidly. Hass® reported that he had
succeedod in depositing 200 & thick ninkel that hed bulk metal
characteristiocs by affecting the deposition wery rapidly.
2¢ The oh>ioes of metals is nooessarily rastrioted by the
189 ohm/3quare requirement to those classed as poor condustors.
Good condustors such as gold or even nickel would have to be
made as thin as a few angstroms to meet this requirement. MNMetal
£ilos of this thioknoss are not stable current conductors and
sleotrical noise would be ercessiwe. Thus, xold and nickel,
wth metals used with guooess during the war, must bLu eliminated.
3¢ A minor disadvantage but ons perhaps worthy of meztion conoerns
bolemstor specification. Since the sensitive elemont thickness is
fixed by the 189 ohm/square requirement, it is possible to specify
oither bclometer resistance or the langth to width ratio but not
both arbitrarily. The interdependence of the resistance und
length to width ratio is

L/® = /189

where R is the resistancs in oms and . and ¥ are thz bolometer

length and width in the same wnits.

S Verdel Commnication from Dr. George &u of the Army Engineering
Laboratory at Fort Belwoir.
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Reat let us oonsider the advantages.
1. Frono “hs above equation ve see thei for Lwlometere of prac-
tiocal sico the resistances will be of the order of 200 to 1000
oms. This range of resistande cffers adwantages over both the
low resistance metal and high resistance thernmistor boloroaters.
Like ths iow resistance bolometer, electrostatio plokup from
those 189 ohm/square bolomsters should rot be troublesome as is
apt to b¢ the case for thermistor bolometers which must use nl gh
woltage to push the owrrent through the senmsitive elemsat. \/hile
the low impedance bolometers demand extreme sare in electroaio
oiroultry because of the necessity of maintaining very low noise
lewls ccrrosponding to the thermal noise level of tho bolometer,
the requiremsnt here will be less stringent. Noise lewvels of
the order of 10~8 wolts for a two oyole bandwidth will bo tolerable
for bolorssters of the order of 1000 ohms resistance. Then too,
ths transformers neocessary to introduce the signal into the first
stage of tha mﬁnﬁer n9ed not be so massive becauss the required
turns ratio to raise the impedance of the bolometor to that of the
first tubo is inversely proportional %o the bolometer resistance.
It would appear that from these observations that the 139 ohm/square
bolometers might be uged with commeroially avcilabls amplifiecation
equimment.
2. The possibility of maldng unsupported sensitive elemsnts from
gormaniunm or tellurium 13 worthy of exploration. The evaporation

4
-5
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proocss is ideal for this purpose and perhaps elements made from
one of these materials will be thiok enmough to exhibit bulk metal
characteristios. In passing it might bs well to point out that
all practiocal shapos and eisas oan b achiewed by affecting the
deposition through apprupriate masks. :
3. Theec dolometers, once produced, oould be installed in portable
equipment and sudbjeoted to rather severe vibration without suffering
physioal damage. It is bulieved that these units could be mede as
froo of vibtration difficulties and the conmventionel low impedance
motal wnits with the advantogs of being useful for any wavelength

above 104it.
The next sectlon discusses the dewelopment of the sensi-

tive element starting with the experimental attempts to produce
wnbdaocked elements of gormaniuz and tellurium and erding with the

developmant of a suitable suvostrate for btismuth slements.

o et et = e ap
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Ji. DEVELORAENT
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|
S

'Ho SENSITIVE ELEMENT AND THE SUPPORTIRG SUBSTRATE.

%

- In msnufacturing bolameters with partieu:'la.r impedance
characteristios, a cholce of resistunce material h&d to be made-
that would satisfy certein stabdlity requirements without sacri-
fioing periormance. The impedance desired hers, 189 ohms/square,
suggested two approaches in element manufasture. One approach
was that of self supporting glemsnta made from one of the motals
sxhibiting high resistivity such as tellurium or germenium; the
ovher was that of using a metal of iow reaist;ivl'ty deposited on
a thin supporting filme Thes flrst of théae methods was ccnsidsrsd
ths more invii:’i.ng sincs 1% would permit the direct manufacture of
elements without mrgiling ks art of mmking and contsnding with
the qusstionable stability of thin organic supporting films.
Previocus experience in making wnsupported metal films
by vacuun dis#illation served notios that any film thus formed
and heving tolersble mechanisal stability would have to be at
least 1000 & thicke Two conditions were thus imposed; ons, that
the impedance of the element ba 168 ohms/aquare and the other
thet the element thicknsss be 1000 }. These oonditions limited
the choice of metals ¢to two: germamiium and tellurium. Relatively
thin laysrs of teliurimx.provad chemically umstable after remo-al

fyom the vacuum chamber in which they were made. Most probably

a3 v e
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oxigation caused tho resistunée rise that continusd for several
deys. Ucually after cne day ths resistanse waluss were so large
that it could not Lo ewaluated by using conventional laboratory
ohmreterc. The sugmstion was mede that a film of Te of proper
thickness oould be doposited and subsequent protective oxide
allowed o form so that the final resistanco would be spproxi-
mately 169 chms/square. The suggestion was never carried out
fearing <hat inebility to reproduce resuits would blunt ths at-
tompt, Instead, considerable effort was placed oz; tbaldepoaition
of germanium, and hore the problem vms not ono of chemical stability
but rather one involving a satisfactory means of evaporation.
Tmgston helises made froem 0.040" diameter wire were {irst used
as evnporation sowrces. Small chumits of Ge were viacod inside of
ths helix., The Ge could bo melted without difficulty but the
epparent high conductivity of molten Gs ghorte:i the holix so that
on.y vory thim layers could be deposited without burning out the
filament. Tantalum and molybdenum boats were tried aund prowed
somewhat more suscassful. Howewer, the Ge atbacked these materials
and thus caused filament failure a2 before. HKext, two 0.060"
diameter twmgsten wires 4" in length wore attachsd o rigid fila-
ment suprorivs with a spacing batween the wires of approximately
1/16 near the osnter i inoreasing to 1/2" at ths support posts.

Small chunks of Ge were plased in the channsl formed by the wires.

By applying sufficient power to thnis parsllel wire filement theo

G6 was malted and flowed elong the channel toward Uhe cooler ends
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of the f.lements, Ths flow ceaged at 2 point where the surface
tensional forees could no longer sustain the weight of the metal.
Tho length of filamsuit covered by the molten metal was about 1%,
Teing this type of fllament with rigid supporis caused the fila-
ment to bend out of shape and repeatad uaé of the sams filemsnt
was not poseibie without reshaping the wires, A more reliable
source ﬁas then made using thick Ta from whish boats were i‘a:shienede
This Ta stork was 0.0iH". Boats made from this stork ware used for
as many s ter separate evaporations bafors they were burned oute
Ir the course of developing improved meane of evaporating
Ge, films of the latter were depoeited on suitable surfaces. For
the most part sodium fluworide was first deposited by svaporation
onto a clean glass blanke The optical thicknsss of this lgyer was
approximately 1/2 wave for the middle of “he wisible spectrum.
Following the Ge deposition ths blank was slowly lowered into
water with the Ge side up. Care wae taken to lowor the blank
watil the surfé.oe was slightly below the water lewsl. Surface.
tension preventsd the water from runcing over the mstal. Then,
a small amownt of the Ge film was §ora.tctmd eway with forceps to
permit the water to touch the flwrids. Upon dissolving, the
flvoride lowered the surface tension of ths water, thus inviting
the latter to oreep wnder and 1ift the Ge film. In spite of these
yalatively weak forces the Ge {ilms invariable eplit apart so that
no prodetermined size could be ob‘::a:lneé oven on the surface ol the
water, For films much thicker than thoss having resistances of

o e
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185 ohms per square the splitting action still persisted. Con=-
saquently, further 9xtergsion of this work did not appoar wise.
Instead, attention was givern to the fabrication of supported
bolometer alements.

In any dsvelomnent inwlving thin supports for belo-
meter elements, prime consideration must be giwon to the heat
capacity of the support. This inwlves techniques te enable
one to meke wery thin and aiso very.tough films. Orgenic films
are currently used in most lab;ratories as delicate supports: of'
the various organic materials possible nitrocellulose is ons of
the best as to toughness, stability and reproducibility. Nitro-
cellulose was used throughout ocuwr work. It must bs stated iz
advance of descriptisn that srgenic [ilm malking i.e still an ar®
and fool proof procedures cannot as yot be stated. The method
used in this laboratory is discussed immediately below.

The ritrocellulose sclution found most satisfactory
was made using | |

20 Lir. We%, 600 sec. Nitroesllulose
300 cc. Ethyl Acetate
76 cc. Amyl Acetate
75 co. Aocotone
This solution was mixod well and filtered through glass wool and

then allowed to age for several days before using. Films made

-G
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with aged solution are toughsr than thoss mede using {resh ao'l'ztion.
Iz using the “wet™ 500 sece. nitrooeliuiose the variable "wot" ig
apperently indeterminate, We first used Isolution mecde from this
formula but which we had on hand from previous work. Later attumpts
to reproduse this s2lution met with varying degrues of success and
a rlausible explanation is that the wotness ¢of the var-;_ous samples
of nitrocellulose was nct the sune "in the several ceses. Ve did
not pwrsue the problewn but worked with the best w could producs.

in preparing to meke films a large besin wes filled with
tap water that had been running for somstime, thus cleaning the
Pipe of some foreign material erd getting wator at its lowest teme
psrature without the addition of a msans of wooling. A smalil amount
of solution was then drawn into a medicine dropper and ;-just prior to
dropping the 'solution on the water the surface of the latter was
oleanad by gently draggizng o paper towel over the surfece. The
selution was '_l;hen droppad ard ellowsd to spread. The basin was
large énough tc pormit ths solution to spread out without obstruc-
tHione Ths film thus formed wvas pleked up by imserting e 4" square
ﬁetal frame wnder the watsr and raising the plane of this frame
vertioally. The raised film thus covered each side of the frame
forming & double film. The color by reflected light of thess
double films wes usually pale yellcw indicating a qva;*f.er wave
éptical thickness. Assuning that the wawlength of this oolor
to be, in rownd ﬁgures,l 6000 & and the index of reflection to

bo 1.5, the actunl thiockness of thess filme were 1000 . The

A s
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variation in coior scross the 4" frams indicated only a few hundred
angstroms variation ia thickness. Usually a section an inch or go
in diametsy could be found.exhibiting the pi'oper color and unifor-
mity for mounting pwrposes. The day to day difficulty in malding
these films was not so much a matter of echieving a given thick-
nsss but rother one of gotting films with the same degree of
toughness erd with no pinholes. Undoubtedly the control of humiditgy,
P.He and ‘temperature of‘the. water would make the procoss more
sclentifice Thes? sontrols were not initiated: for lack of time.

The next 'seotion ;iiaeuaaes the design of tha bolomster

mount and the fabrication of tlhie scnsitive slement.

SR
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III. DESIGN OF THE POLOMETER HOUSING

AKD

THE DEVELORENT OF SUITABLE EANS OF

FABRICATING AND ANCHORING THE SENSITIVE ELEMENT

In the dewelomment of any bolometer au great deal of

t!.m' is talen up in devising an appropriate bolometer housing.

We deoidad, therefore, to adopt the Bell Laboratory Thermistor

housing currently manufactured here at the Baird laboratory.

The base part of this mount made of 0,010" thiock kovar formed

in an appropriats press to the shaps of an inverted pie t:ui.

Five holes are punoched in the diso to introduce four electrical

leads and an ewmowmtion tube. The four lead holes form the

cornors of a square, and the hole for the pumping tube is located

at the geometriocal ocenter of the square. The leads are made¢ from

_ 0.040" diameter Kovar wire. These leads are anohored and insilated
from the base by dropping a small glass bead over the wire and
fusing the glass to hoth the lead and base., The seals are also
waouun tight. The oap for these bases is made of silver formed
into the shape of a oup. The open eénl} of .the ocup fits onto the
base and may be soldered im place. A hole of such sige as to
allow a small shoulder for the window is pumbjd in the cother end,
Ordinarily silver chloriie in used for the window material. This

o window is sealed in place by layicg the silvor chloride on the

¢ NG i S < ¢
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ghouider and fusing the portion of ths chlcride ¢o the silwer
by inserting the sleeve into the o0oil of an induction heater.
For long wawe work orystalline quart: uu used i place of ths
silver chloride. In this case the senl was made with apiesons
‘W' wax.

The problem of mowmmting the aubstrate and sonsitiwe
elemsrnt vas solved in several ways. These arc disoussed in the
order or “heir trial.

The first method inw.ved the use of a plass diso 3/8
of an inch in diameter and 1/16" thick. This size disc fitted
snugly on tho inside of the base pins. A slot was ocut in <he
diso by sanddblasting through a rubber mask. 2o affeoct Lhe sand-
blasting a homenals nosszle was fashioned by bullding a simple
sspirator into the awnilable air line. A metsl tip was plooced
at the end of the air line with a free opening of 1/8% A amall
metal tube wan fitted through a hole L1 the side of this #ip an’
soldered in place- This 4uic was tilted slightly in the direoc~
tion of the esocaping air stream. By appiying air pressure,
carborundum was suwked into the tip and projeoted aguinst the
glass. Two hundred mesh carborundun was found sufficiently fine
in grain sise to readeor the edges defined by the rubber mask freeo
of ohips. The slot through the 1/16" thick glass could be made
in abcut five minutes. These slots were made about 2.6 mm in

length by about 1.5 mm in width.
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Following the gandblasting, Hanoviae silver paste wes
painted onto the diso rinm in segments sepurated by a clear spaoce.
Small silver wires 0.,010" in diemeter were embudded in the jaste
and the whole thing baked at about 400° C. The buking was oon-
tinued until the glass under tho paste turned slightly yellow.
These wires were thus firmly attached to the glass and suvsu-
quantly served to attach the disc to the lead wires in the
hominé bass and also to maks contact with sonsitiwe =lerent.

Before attaching the disc to the base the nitroveliulose
substrate, disoussed in Seotion 11, was talen out of the water
from which it was formed and placed on the diso. The frame used
to remove the nitrooellulose from the wator was held free of
motion until after the portiorn in contact with the pglass was
oompletely dry. The exooss film was then removed with tweesers.
Upon drying the film drew taut over the slot and adhered tightly
to the surrounding glass.

The next operation inwlved the deposition of the sen-
sitive eloment. This was donme by high vacuun evaporation. e
choge bismuth metale This choioe =ms based on previous exparl.enoch6
on the recent work <i' Czerny, et 0.17 and on the fact that the
resistivity of biemuth is such that the necessary thickneas to
meet the 189 ohm/squars requiremsnt is zrsat emough to ensure
elaotrical stability but not so thic!: as to add greatly %o the

8 Government Contract OSRD KO. 6357, (1948)

. Cserny, M, Kofink, W., and Lippert, V., Am. der Physik, g,
p. 65 (1950)
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epecifio heat inherent in the nitrooellulose substirute.

The filament from which the evaporation was af fected
waz made of tantalun strip stook. A strip #" wide and 3" long
was dented in the oenter by pressing a ball buaring against the
tantalun baoked with a soft wood blook. The dsnt thus tormed
sorved t> prevent the bismuth, upon melting, from rolling off
the tantalum. The ends of this stxrip rere then anchored to
terminal posts projesting above the base of the wvacuun chamber.
Immediatoly above the filamsut a horizontal baffle plate was
attached to a wrtioal rod passing through the base plate. In
praotice the baffle was pleced over the filament prior to deposi-
ton, Then the gas pressure in the chamber was of the order ol
10~% \m of Hg or better the temperature of ths filament was
ruised until the bismuth meltad and bogan evaporating. It was
believed that in this opsraticn much existing forsign matter in
or on tls surface of the biecmuth was driven off but prevented
from rvaching the target mownted wertiocally abowe. Following
this presaution the baffle was moved to one side of the fila-
ment and the bismuth allowsed to condense on the target and a
resistance meessuving daviza. A% the moment the resszistance
reached a valus corresponding to 189 oims/square the baffle was
mown! tack over the filament thus terminsting tho deposition.

The target, in this case the bolometer mownt with its

acoumpanying substrate, was placed wertically above and at a

e e e
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distance o one foot from the {ilament. At this distance, thick--
ness wmiformity could be expeotod owor the small areas in question.
The mownt wes lald on a plece of thin brass gtrap wis.ch had pre-
viously teen machine slotted. The long direction of tho reantangular
nole in the mount wes made parallel to the slot and properly centered
with respsot to ths 1ine parallel to and passing throuzh the oenter
of tlxa slot. The slotted mask served only to define the width of
ths sensitiwe slemsnt. The resistancs msusuring devioce was mounted
adjasent to tho boloseter and in the same horizontal plans. This
dsvice consisted of a 1" square piece of glass with silver oontacts
on two opposits edges. Ths silver was deposited by evaporation and

o by using a mask the oontaots were separated by 2". This glass was
then slipped into a small fixture fitted with spring slips to hcld
the glass and the electrical leads sttached to insulated terminals
i1n the baseplate of the evaporator. A Simpson meter wes used to
follow the resistance during the course of the deposition. From
the geomotry of the space between the oontacts the desired resistance
was 189/4 or aloui 47 ohms. Onoe the daposition was terminatsd by
swipnging the baffle ower the filament, no further ohange in resis-
tance wes deteoted. Upon emitting air to the chamber a emall
inorease in rosistanco was noted corresponding to oaly a fow ohms
pesr square.

How the slot in the mask used (0 limit the width of the

0 sonsitive elemente was an inoch or so in length. Upon removing the
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glass mount from the vacuum chamber th> bismuth riboorn extended
over the whole momt. To make the bolomster length‘of the sen-
sitive eloment deflnite and uniform across the width of the
element it wus necessary to deposit oontacts at the ends. Tais
was accomplished by laylng.a strip aoross tho bolometur equal
iz 1dth to the desired element length and evaporating silver
on thw romainder of the mount. This silwer furthor served as
a mearns >f attaching the leads fyom the housing bass to the sen-

sitive element. Care was talsn in the depositior. of the silver

~

- T

to malm it thick e:iough to ensure against resistive heating when

subjeocteld to thu bolometer woltage. Vhen the ocontacts are made

insufficiently thick excessivwe electrical noise is ensured.
Following the deposition of the contasts tho mownt was

poait'ionad botween the electrical lead pins of the housing base

and anchored by moons of the small silvor wires previously attached

to the rim of the glass diss with Hanovia silwer paste. In making

the soldir jocints a small amount of solder was flowed onto s pert
of each :ilwer bolomster contast. In this way good oleotri-oal
contact ms made bstween the housing pins end tho asensitive ole-
ment. The next step was that of testing the bolometer charac-
teristics. These tosts are disoussed in the following section (IV).
Before prooeoding to this seotion, however, it might be wall to

disouss several modifications in element mouat design.
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Issentielly these modificaticns involved maaas of
eliminating the nead for the sandblasted slot in the ayunt dise.
In the {irst of these modifications 0,0iC" d.ameter silver wires
wore placed on a solid glass disc and sgparated by a distance
equal t> the desirsd elemsnt length. Those wires wors anchored
to glass silvsr pa3ts. The nitroceliulose substrate was leid
dovm as ofore amd upon drying-drew taut ov;r the wiras,léaving
a 0.010" space betasen the glass and spacing., Although this
modification eliminated the need for sandblasting a slot in the
glass, tie small silver wires presented a dangerously small .
z>rea for the subéequent evaporated contacts. A further modifi-
oation was made by eliminating the glass altogether. Instead,
two 0.040" diemster wires were fashioned in the form of an arch
with a flat tops The fowr ends were then scldercd to the housing
' pins, on3 to each pin_so that the two arches were parailel and
separated by a spacing e_qml to the desired element longth. The
top of these wires were then f‘il[ad down until the width of the
flatteney wires wes equal to the diemeter of the original wire.
Thus, a contact width of 0.040" was realized. Althouzh thess
modificalions were used, sufficient teats were not mads to affurd
adequate 'apprais;a.lo The latter modifiocation was, howiver. con=-

gidered promising in regard to simplicitye
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IV. TESTING APPARAT(S /U METEODS INCLUDIXG RES LTS

The first measurcment made following the manufasture
02 a bolomster was that comioniy known &3 a ooid resistznce of
the bolometer. This is the resistance of the bolometer at am-
bient tempsrature. A Wheatstone brid-e ani galvanometer setup
wis used for this determination. A high resistance was placed
in series with the battery so that a small ourront? of a milii-
ampere poased through the bolomster. The resistive heating of
the ssnsitive elerment caused by this small ourrent was pegli-
gible.

This eams apparatus was used in dotemning the re-
sictance a8 & function of the temperature of tho alement, From
these data the ocoeffioient of thermal resistance of the element
was detormined. The sotuai bolomster was smployed for this pur-
pose as opposed to the indirect method of depositing a similar
layer of mm-uth on & 80lid baoking such as glass. The bolomster
was inserted in a test tube closed with a rubber stopper. Copper
leads from the bolometer were brought out along the test tube and
held in plecs by the stopper. Then the whole test tube was placed
in an 0il bath and the oil heated wery slowly with a bunsen flame.
The o1l was constantly stirred during tie heating and & thormometer
placed adjaoent to the tost tudbe. The time required to raise the

temperature of the o1 from that of the room to 110° C. was about

kY
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three quarters of an hour. Resistance readings wore made at ton
degree interwals for S0° and 100° C. A typiea! curve as a resis-
tance oi funiytion of temperature is shown in Fig. 2. Ve know,
first of all, that this curve is not & straight line, showing, of
oouran,- that the ocoefficient o2 ther=xl resigtance itsslf is a
funotion of the tempehtu‘r.:. S8ecoidly, the resistance is a de-
ocreasing function of the temperature. 1In lieu of previouws work
done 1n. naking bolometers by evaporation, this negatim valwe
for the thermal coefficient ie not euri;rhing. Although the ooef-
fioclent for bulk bismuth is positive in thin layers made by vacuum
deposition, an inorease in temperature apparently has the effect
O of srowding the pseudo orystals closer together - thur giving an
effective lower resistance. It is bdelieved that if it were pos-
sible to measure resistance as a funotion of temperature for any
ong of these small orystallins glomerates it would be found to
bs an iroreasing fimotion: The value of the coefficient of bis-
Swsh for warious temperatires is also shown in Fig. 2.

As stated in a previous seotion of the text it seemed
probabla that the numerioal valus of this coeffiolent could be
gltered depending upon the method of depcsition. By affeoting
thy depoeition very rapidly, less tendency to orystallisze wuuld
sesn probable. An attemp’; was made to alter the coefficient by
varying the rate of deposition for different dolometers., We

wore not suoocessful in changing the coefficient by any signifiocant
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amownt., The small changes noted were such that thoss oolomsters
eade by aevaporating the metal very rapidly exhibited e cosfficient
lesa nezative than those made by fast evapozrétion, but this nega=-
T tive characterini:*ﬂ* Al snw-;; to give a smaller nuz;erlcal coaf-
ficient making the response of the bolcmeter smaller. The next
measur: =5t made on the bolometer was that of the rea,,.. E,sre
the Pee“onse is dafined as the RMS woltage ocutpul per peak to peak
watt ingut. The roise of the bolometer does not enter into this
measurersnt unlesa it is excessively largs, apprusching in magni-
tude thet of the bolometer output itself.

A black body radiation source was ccn:s*{:rudtéd us follows.
A brass tube 10™ iong and 2" in diametsr was fitted with end plates.
Through the center of ome of these end plates a 3 %" diemoter hole
was drilled through which the radiation was emitted., Into the wall
.of the tube a smail hols was drilled and a motal tube soldered into
this hols to accommodate a theruometer. Thin asbestos tape ek then.
wound ammg the large tube and wetted to make it stick firmly, |
Rich'mms ribbon was it Lurn wownd around the asbestoc covered tube
with a wire to wire spacing o?’ about 4", Another application of
asbostor was then made and wetted as before. The whole tube was
then inserted in or oven and dried vul. This tube was then mounted
on a meial base piate directly behiud a ;" diameter iris. The
‘distance between the i=is and the hole in the ayiindayr wue medg

about 3,4". A square wave chopper and moter combination was
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emount. Tha small ohanpges noted were such that thoss bolometers
made by evaporating the metal very rapidly exhibited a coefficient
less nogative than those made by fast ewaporation, but this nega-
tive chursoteristic only served tc give a smaller numerical coef-
ficient meking ths rasponsé of the bolometor smaller. The next
measure:wnt made on the bolumwier was thst of the respornse. Here
the response is dét‘ined as the RIS voltage output per pesr to peak
watt input. The noise oI; the bolometer does not enter iunto this
measuraingnt unless it is excessively large, approachirg in magni-
%wude that of the bolometer output itself.

A blask body radiation scurcs was constructcd as follows.

A brass tube 10" long and 2" in diameter was fitted with end plates.

‘Through the center of one of these end plates a 5" diesmetier hole

was drilled through which the rediation was emitted:. Into the wall
of the tube e small hole was drilled and a metal tube soldered into
this hols to accommodate = thermometer. Thin asbestos tape was then
wotnd hrowid e largs tubs and wettod to. make it stick firnlys
Nichrome ribbton was it turn wound around the asbestoe covered tube
with a wire to wire spacing of about i". Another application of
asbestos was then made and wetted as befc;re. The whole %tube was
then inserted in ap over and dried out. This tubs was then moumted
on a metal base plate direstly behind & " dimmeter iris. The
distancs between the iris and the hole in the ¢yiinder was mads

about 3/4%. A squars wave chopper and motor combination was

o i
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mounted on thiz sa~s tase plate so as to chop the radiation between
the iris plats and ths emitting hole of tiw source. Ths radiation
from the source wes choppsd at 10 oyoles per second.

The bolometer in twrn was placed direotly in front of and
at s distancs D from the irla. Tho valus of D oould be chosen at
will éo iong &8s the wlometer .olount itself saw only ths radiation
stroaming from the 1™ hole in the source. A simplo oaloulation
showed that any valus of D greater than 2.2 oentimeters could be
allowed. The equations ompioyed to omloulate the epsrgy incident
on the bolomster was
ARy2
2 2

B o

Where O is the black body radiation constant times the difference

U=

in ths fourth power of temperature of the inside of the scuzroe and
room temperature. A is ths area of the bolometer in square centi-
meters, R is the redius of the iris in ocentimeters, and D is the
distanoce htw;on the iris and sensitive olemsnt.

The bolcmetor was ooupleod to the transformer of the ma-
plifier by uso of a square mm bridgs. 8Sinoo it was & nuisasoe to
chanze the valus of the bricge resistances to matoh wvaluss of bolo-
mster reuistances, we chose the shaps of the bolometer such that

their resistances were of the order of 600 ohms, thus enabling us

Ricl.tmyer and Xeanard, "Tantroduwotion to Modern Physios®,
MoGraw-M1) Book Company (1947)

T e s v ¢ s = B ) W W

(1)

= 1
~ St
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to use a fixsd bridge made using 500 chm wirs wound resistances.
This .bridg,en assenbly was mads as comnect as oconvemient and
placsd on the inside of a metal tube Yo mirimize the possibility
of pickups The bridgs current was supplied from e ntorege Lals
tory in series with a wvariable resistancs boxz. The eur‘rem‘: through
the Belometer was deteimined bty measuring the wvoltage ecross a
10 olm vire wound resistor placed in series with the bolometer.
The woltage drop across the bolometer was measured using the same
meter. .From thsse wvaluas of gurrent and voltage the resistancs
was detsrmined. The bridge was eoupled to e transformer whose
primary impedance was of the order of 500 ckhms. The cutput from
the transformer was oconmected to the grid of the first tube of the
10 oyvle rarrow band amplifier. The peak response of th;s emplie
fier was oentered at 10 cycles with a bandwidth of 2 cycles. The
edjustable gain control permitted a gain variation betwoen 1 and
650 times 106. The noise of the bolcmeters was moasursd for each
cu rent valt;e with the bolometer capsule coverad with a black card.
Two important obserwvations were made. Ons, if the current was
inoreased, a point was always reached at which further incraase
of current fn:l.?;.ed to produce an irperoase in the response. Thi=
waz dus teo the fact that the numerissl value of the coefflicient
of ﬁ'aemal res;’tstme is smellor for high temparatwures. Secondly,
the bolometsr invariably beocame noisy at the point of greatsst

responsc. The temperature correspending to the peint of maximam

e
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regponge 31 nan, wOweTET,. avorcsch the temperature a* which the
boicmeter Liiy.od out. 1In raet the gurrent through the bolometer
could bo doubled v.Uwu: lamge. The best signal to noise ratio
was obtained by employing currents of the order o¢f & mile through
these 500 ohm bolometers. The response and noise messuremants
ars glysn in Table i togother with the rough wvalus of ths time
constant.

The time constant was maasured by assuming expsuontial
response and measuring the shaps of the curve. The bolometer was
coupled directly to a wide band amplifier and was irradiated by
pulsses of visible light about 33 milliseconds apert: Whan the
output signal m put on the scope with the horizontal adjusted
to 33 2quare units between pulsass, each horizcontal square wmit
represents one millisecond. 7The wertiocal gzin was then adjusted
so that the peaks of the pulses ware 27 square units high. The
time lag to drop from 27 to 10 unité (that is, 1/0) was read
directly in milliseconds. The proper assuracy in this method
was of the order of % millisecond. Tho time constants were be-
twoon 3 and 4 milliseconds with the bolometer element in air and

about 20 millissconds in wacuum.

A A et Y i
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TABLE 1

ERIT w—C—

RESPONSE AND NHOISE OF THREE BISMUTH BOLOMETERS

Bolometer Operating Elemont Response Noise
No. Current Resig%ance Rms Volts Rms Telts
{ma) (okms) Psak to 2 Band=-
Paak Wetts width
1 607 450 0.60 5% 1070
2 640 89 0. 585 4
3 6.5 - 5g0 C. 62 3

The dimensions of the abowd bolometers were 2.7 mm
in length by 1 mme in width:

The operatiang tempersture was 30° ¢. ebowse room
tomperature. Any temperaturs rise meds by inor¢asing the cur-
ront increvased the nolise without an sccompanying increase in
response. v

The minimum detect.a.ble' sigral (signal to noise) was

- about 10~8 watts,
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Vo CONCLUSION

Ve san coxclude from the results of our work that bolo-
meters can be made possessing Lho 139 chm per square characteris-
tio and having sensitivitiea within a factor of ten of the very
best detectors used for short wave radiation. These bolamoters
of intermodiutc impedance can be made in a verieity of shapes and
siges b; the evaporation ’process and possess merit oa this accownt.
Tie boslisws that with e«ffort means couid be found whereby the coef=
ficient of thermal resistance could be improved by improving the
teohnique used in depositing the sensitive element. Also, ths
nitrocellulose backing film might bs elimipetcd and en improved
backing made of quartz or aluminum ozide.subei;ituted i_n its élaoe.
Haes's mathod of making aluminum oxide films and Strong's nickel
carbonyl process lend themselwss readily to this thir pellicle

develomront.

Lo
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APPENDIX T

Let us consider & piane mestal siisst of thickness d and
of infinite extent in the y-z plans, as shown in Pig. 1. Regions |
1 and 3 in the figure are infinite dielectric media characterized

n . r
bty the propegation constanic klsf-x-}- eud kg = 2Ting

o - -
9 e S “1 R A

n, &re tie ordinary irdices of refraction. Region 2 is characterized

2 .
by the propegation constant Ik, & 2T (n + i%)/A. Vhen the wave-

S Al LT

iength is sufficiently long n end k are large in comparison tc
; . 5 7
with umity and both approach the walus ja-/zweo "

A At ok AR

Region 1 Region 2 /

/Reginn 3
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This may bo shown as followse. From slootromagnetic theory it is
knovm that the gsneral relatioaship botween the constants W

and €, and <« is obbteined from the propagution constant k.
Bz cwliou viuo

For this expression € 1s ths permittivity, ¢ the permaa‘bility,

frequency = 2TTf. The propagation constant for free space is

2

2
o T W eo"“o

lera.t:?.oofktol:oie

k2 ] 2. €A -2
= - = +1
A S R
For nor-magaetic materisis gt = I}lo and
° [
| Bl

Squaring

(=3

nz;. Kz“'zi\\& :é-i'iwe

>

Equating reel and imaginary parts

2. £
(;Lz__ "‘2“?-;

\ 2wk =3¢

©
~

(1)

(2)

(3)

(4)

TSRS
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For vavelength of the order of microzs and for metailic nateriais

._ 2
= —— i3 much larger than unity and Egs. {5) reduce to

we el
ey
I

nes k= ]zc.;eo

To cbtain the reflection and trersmission ccefficientis of the
metallic iayor it ls nesceseary to solwe Maxwell's equations with
the appropriste boundary conditions. This is e straighiforward,
slthough lab;x'ious. ‘task and only the results will be given here.
‘Detuils of the deviations may be found in a papsr by
Endley and Derniscale The eauations assume that the vavwslength

is long and that Sthe layer is very thin. For the ray polarized

DD WD SR T D @D

i Hedley, L. ¥., Dernison, D. M., Reflection and Transmission
Filters, Part I, J. Op. Soc. Am., 37 (1947).
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o 30 =

,f'o ’
£s cd [g-= 120764
o

where

(nlz - 81!?9)%

L -)
(1]

it

(na2 - d:?c)%

(11}

b e ”"o -
when £ =1, °F& " [7Z = 1207 ohms, the impedance of free

- 4 %o

space. The signifieance of -5}?18 easily obtained. The resis~

tance of a slab of material L units long and having a cross

gectione] area A is

1
r= - (@ « resistivity = 3 )

If the shaps of the conductor is & square of sida L and

thicknses=z d

Rl

1
orLd Ga

. L -
r-‘-—

‘EIE is then the resistance of a nwetallis la;}ar in units of ohlms
por squaie, When £ & 1, the resistance of the layor in clms per

squars matenss tho impedanss of free space and f, in gsmoral, is

a moasure of the resistance of the film.

The maximum walus of the abusorption coefficieni for each

polarization may bs found by 2ifferentiating the last of Egs. (6) aud

(8)

(8)

—
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(7) and satting the derivative equal to zero. For the perpendicular

oomponer:t we have

& fm&x Sp+8
For the parallel component

2 L2
b W
D

€

£ =

‘l

¢
v

and the absorption in each base is

&
A =
mnex ) P +.g
o =
. 2 2

=
+
oo
NI (]
(/]
]

4
<]
[t

At normel incidence ard when n, ¥ ng these expressicnas reduss o

Amr-%

'+,
S Uiic sams oomaitions

Rs T2

R

(10)
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The value ¢f © anvrasponding to this situation is 2, This mcans

that

rlfj‘.‘a’:& (12077} = eon/t)
= 189 Q/D

A metellic £ilm having = reesiztance of i89 olmis/square inkedded in
e dielectric medium end normal to the incident radiation will,
therefore, reflest 25% of the enmergy, transmit 257 of the ensrgy

and absorb 50% of the emergy in the incident wave.
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APPENDIX 11}

" BOLOMETER THEORY

Ths static conditions of a bolometsr are described by
the equations
Be-12F-1=0
S is called the cooling constant of the bolometer and incorporates
the heat loss of the bolometer strip by radlaticm, conductlon, and
-convsction, @ is the temperature of the bolomster, I%F is the
ohalc heating of the bolometer and Y is the rediation insident on
the bolometer from all cf‘ its swrrowmdings. Differentiation gives
/340 - T2R - 24I - &Y = 0
Theas diffsrentiale ere not s11 independert. Py definition the
temperaturo cozfficlent of resistance o gives us
dR = Ret 49
The oleatﬁcai tarms can Beat be ascerteined by the con-

sideration of an equivalent electrical circuit

e, | I e
& |
ar(t)—» R :{ S
2

' iq—'i‘gi’l '

mlliﬂgﬂ, B. n.f‘) Hyd” W'l L., a § E.’ J. op‘ SOQ. !m&,. 3_7‘
123 (1947)

(1)

(2)
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R represents the wolometer, R. the load resistance, and E is a
constant battery witage. E is proportional to the voltage across
the Wheatstons bridge in aotunl praoctics, e represerts ef fectiw
vwitage variations which result from bolomster resistance changes
dR. 4Y(t) is the radiation input to the bolometer - 2 funotion of
time, o, is the effective noise voltege. This will primerily be

therml] agitation nolss. It consists of an alternating voltage

- of aprroximately constant umplitude with Fourier comporsnts of

approximately equal snergy per wmit frequonscy interval. It carmot
be ascigned any specific frequancy.

firom this cirouit an appliocation of ohms law yields

as - -—E—z- 4ar (4)
(+R,)
and
BAOR (5)
[ I% ]
§o§. .
If “he wariations are oconsidered with respect to tims the dif-
ferential eguation (2) must alsc inoclude a tern Cor tho energy
which goes into heating the bolomster.
n (“ e - 12 z0 8
.&.)+p - IR - ZIRAI - AY (8)

h is now the thermal mmss, or heat capacity, of the bolometer.

| e et

p— = s e e

e
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Combining Eqse. (3), (4), {6), and (6} simplifies this

equation tc

EIR& /. R\ FRo
bt (gg) + pe -gog, Q-wrag) o-femy o7°°

"MR

(m?;ﬁ)and (1
£leo, of 15 so sm&all that El &« 18 sbout one hundred times lese
than A so that the thii-d torm of the differentiel equation 1is
much less then the second. Neglecting ths third term for this
reason and replacing 'ﬁg'ﬁ" by the letter C gives

8

\dt)i-ﬁe - BCX Y = 0

I the choppdng is tc Le ainusoidnl them AY will have

the value Y cos cot as o function of time. Thus,

h'g-% + 8o - EC&Y cos &3¢ = 0

This is the aguation of a forced csciliation and has the solution

G/! o e T, o)
(h2cy2 mz)'s

The wmits of this equation, the AC rosponge, would he mlis par
vatt. lowever, since the voltags cap be amplified electronicelly
the equation does not express the performance to be expectad from
the bolomster.

The performance of any messuring apparatus is usually

best expressed ac & signal %o nolse rutice Dividing the AC response

(7)

(8)

(9)

(12)

by the noiso giwss the AC sensitivity which 15 a move significant welue,

oo i O
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The noise will be primsrily from thsrmal agitationa
It is possible to roduce the amplifier noise to a sufficiently
low lewel so that it caxz be negisated in comparison to the
bolomeZer noise. The noise from thermal agitation results from
il eeltage generated aoross the bolomster by the eleatrons as
they pursve their thormai motions. The walus of this is found

to be

= Jao RO (11)

where k is Boltzmans oconstant end of is the bandwidth observed
around the chopping frequenoy. @, is the absolute temperaturs
of the bolomster strip. Thie is pot the sams as €&, O expresses
the temparature of the bolomeisz ;ba?e thal of the surroundings
for the applicat&on.()f Nowton's lew of heat flow. @, is much
larger than @ and differs from it by a oconstant. For practical
calouletion @, oan be ocusidered oonstant and equal to room
tsmperature. )

This bandwidth Af carnot be made indefinitely small
‘and at best it 1s given by of & & 7t, where ¢t is the time
required for eash messurement. ’

Y n

It is poscible to furtisr approximate the operatiorn of a

bolomstsr by reletirg the heat ocapacity, cooling oonstant, and

-
1 %—: 0B &« [(hszz */.’oz)(-lmﬁéf)] ; (i2)
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rosistance in terms of the physical dimensions of "~ « loms!
Ales, the woltage E will be limited by the upper to... i. i
peraturs of the haolomater.

These relavions are expressed in the followi ig equatsons.

A ¥ lw

where 1 is the lengkth of the strip, w its width, and ¥ is the
‘heat dissipation per wit area. With such a Uhin strip the

conduction through the lead connections may be neglected.

hs= lw-{ao‘ + bo] = lw bo

a is the thickness of the metal layer, b is the thicknoss of the
menmbrans suppert, and S, and o are thoir respectiwe specific heats.
Because ¢ is about ten times as great as o, and the thicknesses
e and b ares comparable, the metallic contribution is meglectsd.
If the bolomater is not cperating in vacua, then there will also
be a emall corbtribution due to the heating of the gas in the
immediete vielrity of the bolomster. This small comtribution
wouid b a funotion of the chopping rate w and would &lso be
related tc B, but for simplicity and because it should be
swell it is neglscted. Czerny” has expressad soms doubt as to the
wvalidity of the approximation.

R pl/ew

TP S SRR

2 Cserny, Ann. Physik, 8, 65 (1950)

Pl
h',
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(e

{14)

(18)
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whire . is the resistivity of tho awip:

1 B2 _
v gl
Es{ppR)i

where ¢ ie the highsst tolerabls temperature of the bolometer
N atrip. .
Combiming Ggs. (12) through (16)

’

' l e R r
AC aenaiﬁv-it-‘v' = Y 6n s R%—R' LmAlwAf (gczwz +3 E)

This is as it might be expected. The AC sensitivity is

R

R"Rs

Ry should be made smell compared to R and this is somewhat easier

culy dspendent oo R insofar as is depondent on it. Clearly

_with lerge Re Howewer, not much increase can be expscted in this
terme It ie desirable to have a high operating temperatwre fJ, tut
this algo has'a roint of diminlshing returne when 1t starts to
effect 8.

For hipgh sonsitivity a amall eree is also in ordsr. On
the other hand, the ineldant radiation is proportional %o the arca
in a region of constant flux making fhe square root ol arsa dependsnce
then coms in the numerstor. This msaps that it is best to have a
bolormater whish is as large but no larger than the image which is
t0 be measurad. [Even this might not hold precisely under certain
ciroumctancos because microphonio noise which is apt to depend on

this sarea might becoms algnificant.

ey
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¥
The other available varisbles can he considevsd as a 1 l
. i
group. For maximum resvits ¢J, b, and ¢ should be small and ¥ ii
¥

should equal tlzir producte It is not helpful to make < small
;inoe tnen Wi rata of ga‘-’:&svr.".ng information will suffer. D is
oontrellea by the thinnast nitrocelluloss mambrine tolerable and
tharg is nct much that can be dons with the spscific hest oe W
can be controlled by the gess pressure and the closenest of the

strip to the housing.

L S TR R
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